Recently, we used the 5#-trnL(UAA)-trnF(GAA) region of the chloroplast DNA for phylogeographic reconstructions and phylogenetic analysis among the genera Arabidopsis, Boechera, Rorippa, Nasturtium, and Cardamine. Despite the fact that extensive gene duplications are rare among the chloroplast genome of higher plants, within these taxa the anticodon domain of the trnF(GAA) gene exhibit extensive gene duplications with one to eight tandemly repeated copies in close 5# proximity of the functional gene. Interestingly, even in Arabidopsis thaliana we found six putative pseudogenic copies of the functional trnF gene within the 5#-intergenic trnL-trnF spacer. A reexamination of trnL(UAA)-trnF(GAA) regions from numerous published phylogenetic studies among halimolobine, cardaminoid, and other cruciferous taxa revealed not only extensive trnF gene duplications but also favor the hypothesis about a single origin of trnF pseudogene formation during evolution of the Brassicaceae family 16-21 MYA. Conserved sequence motifs from this tandemly repeated region are codistributed nonrandomly throughout the plastome, and we found some similarities with a DNA sequence duplication in the rps7 gene and its adjacent spacer. Our results demonstrate the potential evolutionary dynamics of a plastidic region generally regarded as highly conserved and probably cotranscribed and, as shown here for several genera among cruciferous plants, greatly characterized by parallel gains and losses of duplicated trnF copies.
Introduction
Among plant systematic and phylogeographic studies the chloroplast genome is widely used and generally accepted as an excellent source for molecular information (Olmstead and Palmer 1994; Newton et al. 1999 ; Hewitt 2001) . There are several reasons for this. First, the uniparental inheritance (maternally in most angiosperms, paternally in gymnosperms; Reboud and Zeyl 1994) ensures orthology of sequences. Biparental inheritance is a rare exception (Johnson and Palmer 1989) . Second, even within an individual the possibility of recombination between genomes from individual plastids is extremely low, and there are only a few studies describing the occurrence of multimeric chloroplast DNA (cpDNA) genomes or interchromosomal cpDNA recombination (Govindaraju, Dancik, and Wagner 1989; Dally and Second 1990) . Third, dramatic changes in gene content and structure only occurred after the chloroplast genome entered a eukaryotic cell via primary endocytobiosis (Martin et al. 1998) , whereas land plant plastomes are highly conserved (Goremykin et al. 2003; Kelch, Driskell, and Mishler 2004) . However, some studies indicated that the chloroplast genome in higher plants still has the potential for evolutionary changes as indicated by a radically reduced ''minimal plastid'' genome (parasitic Epifagus: Wolfe, Morden, and Palmer 1992) or possible DNA recombination (lodgepole pine: Marshall, Newton, and Ritland 2001) .
A summary of structural mutations in the chloroplast genome is provided by Vijverberg and Bachmann (1999) , and it has been concluded that most structural mutations concern indels ,10 bp. These microstructural changes have been shown to be extremely useful even in resolving deep phylogenies (Graham et al. 2000; Löhne and Borsch 2005) and have been analyzed in more detail in the chloroplast genome of Silene (Ingvarsson, Ribstein, and Taylor 2003) . Structural mutations such as gene duplications among higher plant plastomes are rarely described. Those examples involve tRNA genes (e.g., Hipkens et al. 1995; Vijverberg and Bachmann 1999; Drábkova et al. 2004) , rpl2 and rpl23 (Bowman, Barker, and Dyer 1988) , psbA (Lidholm, Szmidt, and Gustafsson 1991) , and psaM (Wakasugi et al. 1994 ). An overview of losses of chloroplast genes in angiosperms is provided by Millen et al. (2001) , and it seems obvious that most of the duplications can be manifested only in rearranged chloroplast genomes, such as those of the grasses, legumes, and conifers. Interestingly, evolutionary dynamics of the chloroplast genomes such as rearrangements and nucleotide substitution rates greatly depend on such largescale rearrangement, for example, the loss of one copy of the inverted repeat (IR) Thompson 1981, 1982; . And consequently one of the few reports of pseudogenes came from Vigna angularis, legume family, and describes ycf2 gene duplication .
One of the most widely used plastidic molecular markers in plant systematics and phylogeography is the trnT-trnF region since Taberlet et al. (1991) introduced universal primers to amplify the region comprising the trnT(UGA) gene, the trnL(UAA) gene including a group I intron, the trnF(GAA) gene, and the corresponding two spacers. Interestingly, this region provided not only phylogenetic signal to resolve deep angiosperm phylogeny (e.g., Borsch et al. 2003) but also revealed extensive haplotype variation to elaborate speciation processes on the population level (e.g., Dobeš, Mitchell-Olds, and Koch 2004 ). The trnL-trnF genes are cotranscribed (Kanno and Hirai 1993) , and therefore it can be assumed that intron as well as spacer regions are of functional importance.
The trnL group I intron resembles an ancestral intron type, which can be traced back to a single cyanobacterial endosymbiosis, and this region has been analyzed intensively (Kuhsel, Strickland, and Palmer 1990; Xu et al. 1990; Cech et al. 1992; Paquin et al. 1997; Besendahl et al. 2000; Costa, Paulstrud, and Lindblatt 2002) . However, less efforts have been undertaken to understand function and evolution of the trnL(UAA)-trnF(GAA) spacer region (Bakker et al. 2000; Hamilton, Braverman, and Soria-Hernanz 2003) and to analyze the relevance of putative promoter elements and mutational hotspots with little structural constraints for evolution and phylogenetic reconstructions (Borsch et al. 2003; Quandt et al. 2004) .
It is remarkable that the only examples of trnF gene copy number variation outside the Brassicaceae have been reported from Microseris and Uropappus (Vijverberg and Bachmann 1999) , Taraxacum (Wittzell 1999 ) from the Asteraceae family, both of which are members of the tribe Lactuceae, and from Juncus and Luzula from the Juncaceae family (Drábkova et al. 2004 ). It has been concluded that polymorphic pseudogenes are not subject to purifying selection in Taraxacum, and in closely related genera Youngia and Crepis, no pseudogenes have been observed (Wittzell 1999) . This finding might evoke the question whether an initial pseudogene formation could have occurred within a particular lineage of Asteraceae with parallel losses and elimination of particular pseudogene copies. However, this is uncertain, although Vijverberg and Bachmann (1999) already concluded that an initial duplication must have occurred in an ancestor of the genera under study and that the duplication is rather ancient. The repetitive nature of the pseudogenes is substantiated by interspersed 4-bp (AATA) motifs in Taraxacum (Wittzell 1999) , and a proposed mechanism of generation of pseudogenes via interchromosomal recombination and intrachromosomal duplications has been provided (Vijverberg and Bachmann 1999) .
In this study we investigated the trnF(GAA) gene and its evolution in cruciferous plants. Recently, we detected extensive trnF(GAA) pseudogene formation among the cruciferous genera Cardaminopsis (meanwhile integrated into a newly defined genus Arabidopsis Al-Shehbaz 1997, 2003] and Boechera [Koch, Dobeš, and Matschinger 2003; Dobeš, Mitchell-Olds, and Koch 2004] ). Therefore, herein we aim (1) to reconstruct the evolutionary history of trnF pseudogenes in Brassicaceae with special emphasis on the genus Arabidopsis (which is the most diverse model known so far), (2) to analyze mutational patterns and sequence motifs in the spacer region that might provide insights into the mechanism of pseudogene formation, and (3) to evaluate the positional occurrence of complete or partial trnF pseudogenes in angiosperm chloroplast genomes to assess if they form transposable elements within the plastome to demonstrate their taxonomic distribution and to comment on their phylogenetic utility.
Materials and Methods
The DNA sequence data of the trnL(UAA)-trnF(GAA) region were obtained from two different sources. Most of the sequences have been selected from previously published studies on crucifer systematics and evolution (table 1). All these sequences had been already deposited in GenBank, and we only refer to the corresponding publication. A second source and large-scale study of approximately 750 accessions sequenced is focusing on the phylogeography of the genus Arabidopsis, and in this study we presentsome selected sequences representing most of the variation in trnF copy number (table 1) . In addition, we submitted sequence data of numerous taxa from the genera Draba and Arabis to GenBank (unpublished data, AF134196-AF134278). However, none of those sequences contained any pseudogene.
Detailed protocols of DNA isolation, polymerase chain reaction, and DNA sequencing are given in Dobeš, Mitchell-Olds and Koch (2004) , and the methods used follow standard procedures.
For halimolobine Brassicaceae and several out-groups we used the trnL(UAA)-trnF(GAA) alignment provided by Bailey, Price, and Doyle (2002) as an example to demonstrate pseudogene copy number distribution in the context of a published and robust phylogeny.
Additionally, we selected trnL-F spacer regions from numerous cruciferous taxa and several species from the order Capparales as out-groups (table 1) to cover as many genera as possible. A National Center for Biotechnology Information GenBank search (using the ENTREZ gateway and ''keywords trnF and Brassicaceae'' at http://www.ncbi.nlm.nih.gov/entrez/) resulted in 726 sequences. However, there are only a few publications and studies comprising more than 99% of these sequences ( 
TrnF(GAA) Pseudogene Recognition and Copy Number in Arabidopsis thaliana
We used the GenBank accession of the chloroplast genome of Arabidopsis thaliana (AP000423) to select the corresponding trnL(UAA)-trnF(GAA) region (bp positions 46894-48247; with 46894-46928 and 47441-47490 trnF Pseudogene Evolution in Cruciferous Plants 1033 for the two exons of trnL, and 48175-48247 for the trnF gene). Initially, we scored this region with the central anticodon domain of the trnF gene ( fig. 1 ). After the recognition of six pseudogenic copies of this anticodon domain (region D) in the trnL-F spacer region, an alignment of these multiplicated copies and its flanking sequences (regions A-C, E) was done manually ( fig. 2a ). A blast search in the whole chloroplast genome of A. thaliana using these anticodon copies as query revealed the trnF gene as the only possible source of the pseudogenes.
In order to obtain information about additional cooccurrence of sequences similar to the flanking regions A-C in the chloroplast genome, we searched for exact matches of highly conserved 7-to 8-bp fragments ( fig.  2a ) within the A. thaliana chloroplast genome.
Regions A-C were also used for subsequent blast searches against the whole chloroplast genome to identify similarly modularized DNA sequences.
TrnF Pseudogenes in the Genus

Arabidopsis-Cardaminopsis
A selected number of 11 sequences from the trnL(UAA)-trnF(GAA) region of different Arabidopsis species (the former genus Cardaminopsis, for details refer to O'Kane and Al-Shehbaz 1997) are presented here (table  1) . The recognition of duplicated sequences has been performed taking advantage of the results from A. thaliana ( fig.  2a ), and a corresponding alignment has been generated manually ( fig. 1 , Supplementary Material online). For a deeper understanding of copy number evolution within the genus Arabidopsis, we separated each single pseudogene copy from each Arabidopsis sequence, aligned them accordingly ( fig. 2b ), and performed a phylogenetic analysis using a parsimony approach (PAUP4.0b10, Swofford 2000) with the heuristic search settings using the treebisection-reconnection option and using the option (2001) Rorippa (3 taxa) 2-4 pseudogenes Bleeker, Weber-Sparenberg, and Hurka (2002) Rorippa (24 taxa) 1-5 pseudogenes Nasturtium (2 taxa) 2 pseudogenes Lihova et al. (2004) Cardamine (22 taxa GAPMODE 5 MISSING. No additional gap coding has been performed (e.g., as binary character) to minimize a bias caused by the alignment of the multiple sequences itself. The bootstrap option of PAUP (1,000 replicates) was used to assess relative support in the unweighted parsimony analysis.
Halimolobine Brassicaceae
The anticodon domain sequence from A. thaliana has been also used to recognize duplicated copies in a recently published study on systematics of halimolobine Brassicaceae (Bailey, Price, and Doyle 2002) . We used the original alignment to demonstrate anticodon domain copy number distribution and its correspondence to the published phylogenetic hypothesis, which is not only based on the trnL-F region but which is also supported by sequence data of the internal transcribed spacers of nuclear ribosomal DNA (ITS 1 and ITS 2) and the pistillata intron.
Comparisons Within the Brassicaceae Family
For all trnL-trnF sequences as summarized in table 1 we analyzed (1) the occurrence of duplicated sequences of the anticodon domain of the trnF(GAA) gene and (2) fig. 2a ). The results were compared with a phylogeny of the whole family. The most comprehensive and available phylogeny based on a multiple data set (internal transcribed spacers 1 and 2 of nuclear ribosomal DNA, maturase K, alcoholdehydrogenase, and chalcone synthase; with several genes missing for numerous taxa in various combinations) has been published recently (Koch 2003) . However, a more robust phylogenetic framework with less taxa but clocklike evolution of the corresponding molecular markers (nuclear-encoded chalcone synthase and alcohol dehydrogenase, and plastidic maturase K) has been elaborated (Koch, Haubold, and Mitchell-Olds 2000, 2001) , and these phylogenetic frameworks with their corresponding divergence time estimates have been used to show a timeframe for the first occurrence of trnF gene duplications. For methods of calibrating the molecular clock and computing divergence time estimates refer to Koch, Haubold and Mitchell-Olds (2000, 2001) .
Results
TrnF Pseudogenes in A. thaliana
In A. thaliana we characterized six multiple sequences in total within the 668-bp trnL(UAA)-trnF(GAA) intergenic spacer with the trnF(GAA) anticodon domain as the most highly conserved element ( fig. 2a ). These duplicated sequences have been enumerated as copies I to VIII.
Copies IV-VI refer to the copies found in the other Arabidopsis species investigated, but they are not, or only partially, present in A. thaliana ( fig. 2b, fig. 1 , Supplementary Material online).
However, the neighboring regions of the anticodon-like sequence (indicated as regions A-C, E) did show low similarity only to the different regions of the trnF(GAA) gene (acceptor stem, D domain, and T domain [ fig. 1]) , with the exception of 3-6 base pairs at the 5#-and 3#-flanking regions of the D and T domains ( fig. 2a ).
Of particular interest is a common AGTA motif and its modifications (ATTA, AGGA, CGTA, GGTA), respectively, which is frequently found at the 5# end of the different duplicated regions A-C ( fig. 2a ).
Multiple trnF Pseudogene Copies in Cardaminopsis-Arabidopsis
The twelve different trnL-F spacer sequences of the several Arabidopsis species revealed 2-8 (table 1) pseudogenic copies among the different species (figs. 1 and 2, Supplementary Material online). The most similar copy to the trnF gene is pseudogene no. VII ( fig. 5a and b and table 3). However, this copy is not present in two Cardaminopsis haplotypes analyzed herein ( fig. 1 , Supplementary Material online). Such losses of a particular pseudogene were found for all of the eight pseudogene copies in one or another accession. It has been shown recently that A. thaliana and the remaining representatives of the newly defined genus Arabidopsis (former genus Cardaminopsis) have diverged from each other roughly 5.8 MYA (Koch, Haubold, and Mitchell-Olds 2001) , which provides a good time frame for the evolution of the several copies differing in their modularized structure of regions A-E ( fig. 2a) .
A parsimony analysis using all pseudogene copies separately provides some more detailed evidence for their evolutionary history ( fig. 3a and b) . Copies I, VI, VII and VIII of A. thaliana are clustering together with the corresponding copies of Cardaminopsis (see alignment in fig.  1 , Supplementary Material online), indicating that these copies had existed prior to the split of the two phylogenetic lineages 5.8 MYA. This is also supported by the fact that at least copies I, VII, and VIII have identical or very similar gap positions (not included in our analysis). The only exception is copy VI, of which only part of the A. thaliana sequence (regions A#, C, D, and E, refer to fig. 2a ) is homologous to the Cardaminopsis copy VI sequences. Cardaminopsis copy VI served as source for copy V type 2. The parsimony analysis also indicated that copies II, III, and IV of Cardaminopsis most likely evolved independently from the most similar copy VIII. Copy V type 1 is identical to copy V type 2 concerning its structural alignment and gap information, however, phylogenetic analysis based on single nucleotide polymorphisms placed this copy close to copy IV from Cardaminopsis. This is best explained by two independent duplication events.
Consequently, A. thaliana copies II and III evolved independently from Cardaminopsis copies II and III. A schematic summary of pseudogene copy evolution based on parsimony analysis is provided in figure 5c. 
Occurrence and Distribution of Pseudogenes Among Cruciferous Plants
Duplicated copies of the trnF(GAA) anticodon domain have been detected in numerous genera of the mustard family and a summary is given in table 1. We obtained the original alignments from most of the studies listed in table 1, and we were able to search for the duplicated regions directly within these alignments. These searches revealed several findings: the alignment of a phylogenetic study of the order Capparales (Hall, Sytsma, and Iltis 2002) revealed that few sequences (Nasturtium, Barbarea, and Capsella) ended at the 3# end with the first trnF (GAA) pseudogene copy, and the authors did not provide the entire sequence of the trnL-F spacer region including the ''true'' trnF(GAA) gene. However, this had no effect on their conclusion and results on Capparales systematics. In our study from these three sequences we could only estimate a minimum number of pseudogene copies. Fortunately, all these species have been included in other studies and have been analyzed on a broader scale (e.g., Bailey, Price, and Doyle 2002; . A similar situation has been found in Cardamine (Lihova et al. 2004) . The alignment of the spacer region ended with a pseudogene and not with the trnF(GAA) gene as indicated, and here we also provided a minimum number of pseudogenes for the taxa analyzed.
In many other cases we found no duplicated anticodon domains (e.g., Draba, Arabis, Noccaea, and others, table 1). Interestingly, in all cases of lacking pseudogenes we also did not find any of the repetitive motifs B, C, and E in the corresponding trnL(UAA)-trnF(GAA) spacer region. However, the prominent motif A/A# is always present in close 5# proximity of the functional trnF gene.
The distribution of the pseudogenic trnF(GAA) tandem repeats is totally in congruence with previously published phylogenies (fig. 4 ) of the Brassicaceae family (Koch 2003; summarized in Koch, Al-Shehbaz, and Mummenhoff 2003) , and it is obvious that a first pseudogene copy evolved only once at the base of a highly supported monophyletic lineage ( fig. 4 ). This is the first time that a reliable marker (molecular or morphological) has been described, which separates this taxonomically notorious difficult family with a relative deep split in time of approximately 18.5 (mean estimate of matk and chs from node A, fig. 4 ) to 16 MYA (mean estimate of matk and chs from node B, fig. 4 ). Divergence time estimates have been redrawn from previous investigations (Koch, Haubold, and Mitchell-Olds 2001) .
However, ''non'' pseudogene-containing taxa remain paraphyletic in respect to the pseudogene carrying taxa.
The Example ''Halimolobine'' Brassicaceae
The analysis of the alignment provided by Bailey, Price, and Doyle (2002) revealed varying numbers of a pseudogenic anticodon domain from 1 to 6 ( fig. 5 ). Enumeration of pseudogene anticodon copies followed their occurrence within the alignment and has been adopted to copy enumeration I to VIII in A. thaliana and Cardaminopsis. This analysis demonstrates that all copies (except for copy number 1) either have been constituted independently several times or have been lost several times in parallel throughout their evolution. Interestingly, the different regions A, A#, B, and C are present at the 5#end of the first pseudogene copy in all taxa carrying the pseudogenes. A comparison with taxa that do not carry a pseudogene copy demonstrates that among all cruciferous taxa analyzed herein only region A is highly conserved and regions B, A# and C are missing in non-pseudogene carrying species (data not shown).
TrnF(GAA) Pseudogene Evolution in Angiosperms
We screened the trnL-trnF alignment of Borsch et al. (2003) covering all major groups of angiosperms for trnF pseudogene (or partial anticodon domain) insertion, and none of these taxa contained any duplications. In addition, we also screened this alignment for the different regions A, B, and C occurring in all cruciferous taxa showing anticodon domain duplications. However, none of these regions could be identified with a significant sequence identity among all noncruciferous taxa analyzed by Borsch et al. (2003) . This is also true for those Asteraceae (Microseris, Uropappus, Taraxacum) that represent the only examples of trnF gene copy number variation outside the Brassicaceae (Vijverberg and Bachmann 1999; Wittzell 1999) .
However, in these cases the entire trnF gene has been duplicated, which is in sharp contrast to the Brassicaceae with extensive duplication of the trnF anticodon domain only.
Discussion
TrnF Pseudogene Characterization in Cruciferous Plants
The trnF(GAA) pseudogenes from cruciferous plants are quite different from those characterized in Microseris and Uropappus (Vijverberg and Bachmann 1999) . In these species the whole gene including both acceptor stem regions has been tandemly duplicated with a sequence identity to the original trnF gene varying from 88% to 99%. A similar situation was found in Taraxacum (Wittzell 1999) , with a sequence identity ranging from 80%-92%. Contrarily, in A. thaliana several different repetitive motifs occur (A-C, E) as indicated in figure 2a, which are not part of the functional trnF gene. It is notable that these motifs are also conserved among a variety of different taxa exclusively characterized by anticodon domain duplications, as shown by the halimolobine species data set ( fig. 2 , Supplementary Material online, e.g., alignment positions 966-1072). The majority of these motifs are not found in trnL-F spacer regions of cruciferous plants lacking such duplications. The only exception is the 5# region A/A#. This motif of 22 base pairs ( fig. 2a ) is present in all trnL-F spacer regions in closest proximity to the functional trnF gene. Blast searches for region A, B, and C against the whole chloroplast genome sequence of A. thaliana (AP000423) revealed no significant hits, with the exception of parts of region A matching parts of the rps7 gene and also its neighboring trnV-rps7 spacer (table 2 and fig. 2a ). Interestingly, the situation changes when we select shorter motifs (7-8 bp) from regions A, B, and C to search for identical motifs throughout the A. thaliana chloroplast genome (table 2  and fig. 2a ). As expected because of shorter search strings, the number of hits increased greatly. It is also obvious trnF Pseudogene Evolution in Cruciferous Plants 1037 from the summary scores in table 2, that the single hits are randomly distributed all over the plastome, which in this case is 154,478 bp in size. However, the three selected 7-to 8-bp motifs revealed a significant nonrandom clustering. Out of 25 hits in total, 13 are co-occurring in similar regions of the plastome-a finding, for which we have no explanation so far. From these results we can conclude that (1) the flanking sequence regions A-C of the trnF(GAA) anticodon domain are unique and have not been simply transferred from other regions of the plastome and (2) the occurrence of region A in all cruciferous taxa regardless of any anticodon domain duplication provides evidence that the duplicated sequences resulted from rearrangement of the trnF gene and its neighboring areas. However, the finding that the only significant matches of the blast search concern region A (table 2) , and, moreover, that these matches are found in a coding gene (rps7) and its neighboring spacer region (spacer trnV-rps7) might indicate that a sequence like that from region A might have driven the first corresponding duplication. Koch, Haubold, and Mitchell-Olds 2001) . Some genera have been added according to Koch (2003) and their phylogenetic position is indicated by a dotted line. Filled circles indicate taxa with trnF pseudogenes. Taxa marked with open circles have been proved to contain no pseudogenes.
1038 Koch et al. A comparison of the distribution of trnF anticodon duplications among cruciferous plants implies a single origin of an initial duplication within a monophyletic lineage ( fig. 4 ). The dates of divergence between nodes A (approximately 18 MYA) and B (approximately 16 MYA) provide time estimates (Koch, Haubold, and Mitchell-Olds 2000, 2001) . The phylogenetic hypothesis shown in figure 4 comprises only a limited set of taxa. However, our finding of the distribution of anticodon duplications among cruciferous plants is also fully consistent with a large-scale phylogeny provided recently (Koch 2003) and not shown here.
The consistent co-occurrence of flanking regions with duplicated anticodon domains can be studied as an example in some more detail focusing on the halimolobine crucifer data set (Bailey, Price, and Doyle 2002) . A. thaliana anticodon pseudogene copy 1 ( fig. 2a ) is distributed in all species included in this study ( fig. 5, cf. fig. 2 , Supplementary Material online: alignment positions 966-1100). Pairwise sequence identity of this pseudogene copy 1 among the different species is always higher than compared to the original trnF gene (data not shown), which also provides good evidence for the monophyletic origin of the first pseudogene copy.
In addition to the duplicated pseudogenes (anticodon domains) and the neighboring regions A-E, we were also able tocharacterizepromoterelementsthatshowhighsimilaritytoa putative sigma 70 -type bacterial promoter motif (ÿ35 TTGACA/ ÿ10 GAGGAT) (Quandt et al. 2004 ). In a comprehensive study across land plants, this motif has been found consistently (Quandt et al. 2004) , and it has been speculated that this promoter represents the original trnF GAA gene promoter. Bailey, Price, and Doyle (2002) . The occurrence of multiplicated trnF anticodon domains is indicated.
trnF Pseudogene Evolution in Cruciferous Plants 1039 However, it has been concluded that the trnF GAA gene is cotranscribed with trnL UAA (Kanno and Hirai 1993) , and consequently the ÿ35 TTGACA/ÿ10 GAGGAT promoter motif in front of the trnF GAA gene should be nonfunctionable. Our data largely support this conclusion because the ÿ10 element and the ÿ35 element are present in several trnL-F spacer sequences of the genus Arabidopsis ( fig. 1 , Supplementary Material online: position 198-203, position 900-905), and all duplications are inserted between these two elements. Consequently, it can be hardly believed that they are still functionable.
TrnF Pseudogene Copy Number Evolution: The Genus Arabidopsis
We can only speculate about the mode of origin of the first pseudogene copy, which dates back roughly 17 MYA. However, the example from Cardaminopsis-Arabidopsis provides some more detailed insights into the dynamics of subsequent copy number evolution (figs. 3a-c). In all eight cases the newly arisen copy was placed between already existing pseudogenes ( fig. 3c ), and they did not move further downstream of the 5# end of copy I. The parsimony analysis did not recognize all groups significantly with high bootstrap support, but tree topologies are congruent when different proportions of the total pseudogene region have been selected ( fig. 3a vs. fig. 3b ), which might indicate that in most cases the total region has been subjected to several duplication events. However, we cannot exclude additional recombination events, and the example of copy V might indicate such a situation: Relative position and gap structure is totally conserved between both copies ( fig. 2b ), but parsimony analysis does not recognize them as orthologues ( fig. 3a and b) .
Similarly, genetic distances are not always in congruence with our hypothesis of trnF pseudogene evolution (table 3) . One might expect that if we regard copy I as ancestral type, this copy must show the highest sequence distance when compared to the original functional gene. This is not the case, and copies VI and VIII show significant higher distance values than copies I or VII. Our sequence distance values provide a mutation rate for regions C-E ( fig.  2a ), varying between 2.4 3 10 ÿ8 and 3.8 3 10 ÿ8 mutations/site/year. However, these values exceed the normal mutation rate of the entire trnL-intron-trnL-F spacer region by a factor of 20 (3.6 3 10 ÿ9 to 7.7 3 10 ÿ9 , e.g., calculated in Mummenhoff et al. 2004 ), which can be at least partly explained by an increase of the mutation rate of single nucleotides by structural mutations such as recombination resulting in new copies. From our data it might be also speculated that the highly conserved 5# region of the first pseudogene copy (as well as of the 3# part and, by selection, the trnF gene) might be the consequence of not being prone to recombination of these regions, in contrast to the region in-between.
However, further research is needed to understand the underlying evolutionary mechanisms.
Phylogenetic Utility of trnF Pseudogenes
It has to be mentioned here that the evolutionary history of the Brassicaceae on a family-wide scale is still poorly understood (Koch 2003; Koch, Al-Shehbaz, and Mummenhoff 2003) . The most important conclusion of Table 2 Distribution of Short DNA Motifs A, B, C (Refer to Fig. 2a ) Within the Arabidopsis thaliana Chloroplast Genome (the Position Is Given in bp) Table 3 Simple Pairwise P Value (Mean) and Standard Deviation (Sequence Distance, PAUP4.0b10) of the Different trnF Copies (Region C-E, Refer to Fig. 2a and b the various phylogenetic studies published so far is that traditional classification schemes based on morphology, embryology, or cytology often do not reflect phylogenetic relationships, depending on the taxonomical level considered. The occurrence of trnF pseudogenes among cruciferous plants is the first character defining a significant split in the deep Brassicaceae phylogeny roughly 16-18 MYA. The corresponding clade comprises taxa from various artificially designed tribes (Sisymbrieae, Arabideae, Lepidieae) as defined by traditional taxonomists such as Janchen (1942) , Schulz (1936 ), or Hayek (1911 . Future molecular studies might substantiate our findings on a family-wide scale to contribute clarifying the systematic situation in the mustard family as it was done based on structural mutation in the chloroplast genome in various families (Asteraceae: Jansen and Palmer 1987; Fabaceae: Bruneau, Doyle, and Palmer 1990; Doyle, Lavin, and Bruneau 1992; Poaceae: Doyle et al. 1992; Doyle, Doyle, and Palmer 1995;  and reviewed by D. E. Soltis and P. S. Soltis 1998).
